We report the discovery of Quasi Periodic Oscillations (QPO) at 0.02 Hz in a transient high mass X-ray binary pulsar KS 1947+300 using RXTE-PCA. The QPOs were detected during May-June 2001, at the end of a long outburst. This is the 9th transient accretion powered high magnetic field X-ray pulsar in which QPOs have been detected and the QPO frequency of this source is lowest in this class of sources. The unusual feature of this source is that though the outburst lasted for more than 100 days, the QPOs were detected only during the last few days of the outburst when the X-ray intensity had decayed to 1.6% of the peak intensity. The rms value of the QPO is large, ∼ 15.4 ± 1.0% with a slight positive correlation with energy. The detection of QPOs and strong pulsations at a low luminosity level suggests that the magnetic field strength of the neutron star is not as high as was predicted earlier on the basis of a correlation between the spin-up torque and the X-ray luminosity.
INTRODUCTION
KS 1947+300 is an accretion powered X-ray pulsar which was first detected in June 1989 in observations made with the TTM coded-mask imaging spectrometer aboard the Kvant module of the Mir Space Station (Skinner 1989) . The 2-27 keV flux was 70 ± 10 mCrab. In two months the flux from the source faded by a factor of seven. Its X-ray spectrum could be described by a power law with photon index Γ = 1.72 ± 0.31 and a hydrogen column density NH = (3.4 ± 3.0) × 10 22 (Borozdin et al. 1990 (Eq. 1950.0) . In April 1994, the Burst and Burst and Transient Source Experiment (BATSE) aboard the Compton Gamma Ray Observatory (CGRO) detected 18.7 s pulsations from an X-ray source within a few degrees of KS 1947+300. The newly detected source GRO J1948+32 was later found to be same as KS 1947+300 (Swank and Morgan 2000) . The optical counterpart is a V=14.2 B0 Ve star with moderate reddening that indicates the distance to the system to be about 10 kpc (Negueruela et al. 2003) .
One large outburst and several smaller outbursts of KS 1947+300 have been observed with the Rossi X-ray Timing Explorer (RXTE)-ASM. The first outburst of this source ⋆ E-mail: marykuttykjames@yahoo.co.in was detected by RXTE-ASM in October 2000 (Levine and Corbet 2000) . Following this the intensity declined, but the source became highly active again in November 2000. The outburst reached its peak in February 2001 and slowly declined till June 2001. Based on data acquired with RXTE-PCA during the 2000-2001 outburst, Galloway et al. (2004) determined the orbital parameters of the binary: the orbital period P orb = 40.415 ± 0.010 d, the projected semi major axis axsini = 137 ± 3 lt-sec and eccentricity e = 0.033 ± 0.013. Glitches are mainly observed in Anomalous X-ray Pulsars (AXP) and radio pulsars. But the RXTE analysis of this source revealed an increase in pulse frequency at an unusually high rate giving evidence for the first time for a glitch in an accretion powered pulsar (Galloway 2004) . A broad band (0.1-100.0 keV) study of this source was first carried out with BeppoSAX. This revealed that the energy spectrum has three components -a Comptonized component, a 0.6 keV blackbody component, and a narrow and weak iron emission line at 6.7 keV (Naik et al. 2006) . The absorption column density measured towards this source is low (4.0-5.0× 10 21 atoms cm −2 ).
Quasi Periodic Oscillations (QPOs) in X-ray binaries are generally thought to be related to the rotation of the inner accretion disk (Paul & Rao 1998) . Any inhomogeneous matter distribution or blobs of material in the inner disk may result in QPOs in the power spectrum. In the case of accretion powered X-ray pulsars this gives useful informa- In Figure 1 we show the one day averaged ASM light curve of this source during 2000-2002 in 1.5-12 keV energy band. In this period the source showed one large outburst that lasted for about four months, and several smaller outbursts. The first PCA observation of KS 1947+300 was performed in 2000 November 21. Subsequently, observations were made every 2 to 3 days until June 18 around when the main outburst ended. Some more PCA observations were carried out again in 2002, around a smaller outburst. A background subtracted lightcurve of the source made with data from one of the RXTE PCA detectors, PCU2 is shown in Figure 2 . We have used all PCA observations of this source available in the archive.
Any contamination from other sources are negligible because there is no known hard X-ray source within 2 degree from KS 1947+300. A total of 674 ks of useful data was obtained with the PCA from 135 observations. The details of the observations are given in Table 1 .
Timing and Spectral Analysis
We extracted 2-60 keV light curves from the PCA observations using the Standard-1 mode data which has a time resolution of 0.125 s. To search for QPOs we created Power Density Spectra (PDS) using the FTOOL powspec for small data segments of duration 2048 s. PDS from 5-10 consecutive segments were averaged to improve the detectability of any QPO like feature. The PDS were normalized such that their integral gives the squared rms fractional variability and the white noise level was subtracted. A narrow peak at around 0.055 Hz corresponding to the spin frequency of the pulsar and several harmonics are seen in all the PDS generated from the data of all the PCA observations in [2000] [2001] [2002] . In addition to the peaks due to the pulsations, a QPO feature is seen at 0.0215 ± 0.0007 Hz in the 2001 May and June observations. The period during which the QPOs have been detected is also marked in Figure 1 and Figure 2 . Two PDS, one obtained during the peak of the outburst and one with the QPO feature are shown in Figure 3 . At first, we fitted the second PDS with two continuum components, a power-law and a Lorentzian and obtained a χ 2 of 178 for 110 degrees of freedom. The fit clearly showed the need for The peaks corresponding to the pulsations are shown in Figure 3 , but these were not included while fitting the PDS continuum. From the fitted power spectrum shown in Figure 3 , and after correcting for the background count rate, we calculated the rms value of the QPO to be quite large, 15.4 ± 1.0%. The Quality factor Q = ν/F W HM of the 0.02 Hz QPO is 3.6, comparable to the quality factor of 4-10 in other HMXB pulsars. In PDS created with data segments of shorter duration the QPO feature has poor signal to noise ratio. However, by looking at the PDS averaged over smaller segments we have verified that the broad nature of the QPO seen in Figure 3 is intrinsic and it is not due to averaging of a narrow QPO feature with a variable frequency.
We have also calculated the energy dependence of the QPO feature. We created power spectra in different energy bands of 2.6-6.6, 6.6-11.0, 11.0-15.4 and 15.4-19.8 keV using event data from the PCA. There is marginal evidence for an increase in the rms value with energy and is shown in Figure 4 . The PCA detectors have small effective area at higher energy and we did not detect the QPO feature above 20 keV.
To measure the X-ray flux during the period when QPOs are detected, we have generated an X-ray spectrum in 129 binned channels of the PCA observations. A model for the background spectrum was generated using pcabackest with appropriate background model provided by XTE guest Observer facility (GOF). We employed the caldb version 1.0.2 and the appropriate response matrix was generated for this observation using pcarsp version 11.7.
The spectrum is fitted with an absorbed power law and an iron emission line. The best fitted spectrum has −11 erg cm 2 s −1 . The spectrum is shown in Figure 5 along with the best fit model and the residuals. The parameters of the best fitted model are given in Table 2 . 
DISCUSSION
We reported the detection of a low frequency QPO feature in the HMXB pulsar KS 1947+300 at νQP O = 0.02 Hz.
The power density spectra of accretion powered pulsars consist of narrow peaks corresponding to the spin frequency of the pulsar and its harmonics, accompanied by aperiodic variabilities like broad bumps. QPOs have been detected in 16 accretion powered high magnetic field pulsars. These include many HMXBs and a few LMXBs; both transient and persistent. The list of transient and persistent sources with QPO features are given in Table 3 . There are only three LMXB sources in which QPOs have been detected. Table 3 summarizes the QPO detections in high magnetic field accreting pulsars, giving spin frequency νs, the observed QPO frequency νQP O , and ratio of the two. The frequency of the QPO feature, detected in KS 1947+300 is lowest among the transient X-ray pulsars.
Various models have been proposed to explain the sub-Hz QPO features in high mass X-ray binaries. Among the most popular models are the Magnetospheric Beat Frequency Model (MBFM; Alpar and Shaham 1985) and the Keplerian Frequency Model (KFM; van der Klis et al. 1987) . In the KFM the QPOs arise from the modulation of the X-rays by inhomogeneities in the accretion disk, at the Keplerian frequency. In the MBFM, the QPO frequency is the difference between the spin frequency and the Keplerian frequency of the inner edge of the accretion disk νQP O = ν k − νs (Shibazaki & Lamb 1987) . Mass flow to the neutron star is expected to be stopped at magnetospheric boundary by centrifugal inhibition of accretion if the Keplerian frequency at the magnetospheric boundary is less than the neutron star spin frequency (Stella et al. 1986 ). Among the sources listed in Table 3 , the KFM is not applicable for some of the sources including KS 1947+300 as the observed QPO frequency is smaller than the pulse frequency. At larger mass accretion rate, the accretion disk is expected to extend closer to the neutron star, and therefore, in either model, a positive correlation is expected between the QPO centroid frequency and the X-ray intensity . In some sources, the QPO frequency is found to be quite constant with more than a factor of 10 variation in X-ray luminosity. In some of these sources, it is believed that the inner disk origin may not be applicable while in some other sources there are a variety of other reasons for a lack of correlation (Raichur & Paul 2008a,b) .
A positive energy dependence of the QPO rms, similar to that seen in KS 1947+300 is found in some sources (XTE J1858+034, Paul & Rao 1998 . This favours the MBFM over the KFM, while the QPO rms is independent of the energy in the persistent X-ray pulsar Cen X-3 (Raichur & Paul 2008a) .
With some exceptions (4U 1626-67; Kaur et al. 2008 but see also Jain et al. 2009 ), the QPOs are transient phenomena in all types of pulsars. The persistent X-ray pulsars do not show persistent QPOs (Raichur & Paul 2008a ). In the transient X-ray pulsars that show QPOs, the feature is not detected in all the outbursts. For example the recent outbursts of the source A 0535+262 does not show the flux dependent QPO features that was observed with BATSE during a large outburst in 1994 . However, if QPOs are present during an outburst, it is usually present throughout the outburst , Mukherjee et al. 2006 ). In the case of KS 1947+300, the QPO feature was not seen in 2000 and 2002 data. It appeared very near the end of the 2001 outburst during MJD 52052-52062. We also analysed the 2-20 keV spectrum during the peak of the outburst and the flux measured is 3×10 −9 erg cm −2 s −1 . The QPO feature is seen to be present when the X-ray flux had dropped to 1.6% of this peak value.
Assuming MBFM for KS 1947+300, the Keplerian frequency of the inner disk corresponding to a 0.02 Hz oscillation is ν k = 0.02 + 0.053 = 0.073. Thus the radius of the inner accretion disk can be estimated as
The RBF M obtained for a mass of 1.4M⊙ is 9.6 × 10 3 km. The X-ray flux of KS 1947+300 in the 2-20 keV band is 5.0× 10 −11 erg cm −2 s −1 during the time of QPO detection. This flux amounts to an X-ray luminosity of 0.6 × 10 36 erg s
for a source distance of 10 kpc. Using a correlation between the spin-up torque and the broad band X-ray luminosity of this source a very strong magnetic field of B = 2.5 × 10 13 G was inferred for the neutron star (Tsygankov & Lutovinov 2005) . Using the above, and canonical values for the stellar radius and mass of 10 km and 1.4 M⊙ respectively, the size of the magnetosphere for a dipole field configuration can be estimated as (Ghosh & Lamb 1991) Rm = 2.4 × 10 3 (M/1.4M⊙) 1/7 × (B/2.5 × 10 12 G) 4/7 × (R/10 6 cm) 10/7 × (Lx/3.1 × 10 37 ergs s −1 ) −2/7 km (2)
The magnetospheric radius is obtained as 2.76×10 4 km. Although the magnetic field value is rather uncertain, such a strong magnetic field implies a magnetospheric radius larger by a factor of 2.8 compared to the inner disk radius at which the QPOs are likely to be produced in the MBFM and by a factor of 2 compared to the corotation radius. This is true even if we assume a 50% bolometric correction, 12% larger distance (Kiziloglu et al. 2007 ) and the neutron star mass and radius larger by 20% (Lattimer & Prakash 2007) . If the magnetic field is so strong, the Xray flux value during the QPO detection indicates that the source should be in propeller regime. The presence of QPOs and the strong pulsations at the low flux value thus suggests that the magnetic field may not be as high as was suggested by Tsygankov & Lutovinov (2005) . On the other hand, for an X-ray luminosity of 0.6 × 10 36 erg s −1 d 2 10kpc if the observed QPOs are produced due to inhomogeneities near the magnetospheric radius, it implies a magnetic field strength of about B = 4 × 10 12 d 10kpc G for the neutron star. The X-ray spectrum of KS 1947+300, however, is devoid of any cyclotron absorption line corresponding to such a magnetic field strength (Naik et al. 2006 ).
